Abstract. Wind erosion is a complicated process influenced by weather patterns, soil conditions, and vegetation cover. In this work we present an integrated wind erosion assessment and prediction system which couples a wind erosion scheme with an atmospheric prediction model and a Geographic Information System database. The system is applied to the February 1996 dust storms over the Australian continent, and the predictions are in good agreement with meteorological records and satellite images. It is found that over the I week period from February 6 to 12, 1996, the total dust emission from the Australian continent was around 6 million tons. As demonstrated in this study, the system can be used to identify areas and periods under wind erosion threat and to identify the responsible environmental factors. For atmospheric studies the integrated system provides a possibility of quantifying the sources of dust particles which in turn play an important role in atmospheric radiative processes.
Introduction
Wind erosion is a serious problem in Australia and many other arid or semiarid regions in the world. During an erosion event, small soil particles rich in nutrient and organic matter become suspended and are dispersed away from the surface by atmospheric turbulence and then transported over distances up to thousands of kilometers, leading to soil degradation. From the perspective of land care it is important to quantify the risks of wind erosion on scales from paddock to region and to identify the responsible environmental mechanisms.
From the perspective of atmospheric studies, particles suspended in the atmosphere may significantly influence the radiative processes as they absorb and scatter various radiative components. For this reason, the estimation of areas and intensity of dust emission is important for atmospheric modeling and is under active research [e.g., Fung, 1994, 1995] .
The climatological aspects of wind erosion such as dust storm frequency can be examined from meteorological data. Our approach to the problem is to develop an integrated system which couples an essentially physically, rather than empirically, based wind erosion scheme ] with a high resolution atmospheric model [Leslie and Purser, 1991 ] and a detailed Geographic Information System (GIS) database. It appears that only such an integrated system can provide quantitative prediction of wind erosion on continental scales.
Much of eastern Australia has experienced a drought in the 1990s. In 1994, wind erosion was active in the southern and eastern parts of Australia. In summer 1996, large areas in Australia received rainfall below or much below average and were therefore under high wind erosion risks. In this paper we describe the integrated system and its application to the February 1996 wind erosion event over the Australian continent. Model results of the erosion events, including wind erosion origin and intensity, are compared with available data. We also examine the responsible environmental factors, illustrate the usefulness of the system and, finally, outline some planned improvements to the system.
The Wind Erosion Scheme

Brief Description of the Scheme
The centerpiece of the integrated system is a wind erosion scheme for the prediction of the streamwise sand flux Q and the (vertical) dust entrainment flux F. By definition, Q is the vertically integrated sand drift intensity in the direction of wind' Qq(z)dz
where z is height. Q has the dimension of g m -1 s -1, while F has the dimension of g m -2 s -1.
The details of the wind erosion scheme have been described by Shao et al. [1996] . The prediction of Q and F is achieved by modeling both the capacity of the wind in entraining and transporting aeolian particles, through modeling of the surface friction velocity, u,, and the resistance of the surface against wind erosion, through modeling of the threshold friction velocity, u,t, [1989] , given that •,t is adequately estimated. In the wind erosion scheme the saltation theory of Owen [1964] has been extended to soils with multi-particle sizes, by assuming that the dependence of the saltation flux 0 on 
with ds and da being sand and dust particle sizes in millimeters, respectively. The other major mechanism for dust emission is the release of clay particles coated on sand grains during the saltation. It is important to emphasize that wind erosion is determined both by the capacity of wind to lift and transport particles (wind shear) and the capacity of the surface to suppress erosion. Whether wind erosion actually occurs depends on the balance of the two very different factors, with the consequence of strong spatial variation in erosion patterns and temporal fluctuation in erosion occurrence. Even during the process of wind erosion, the particle size distribution of the top soil changes as smaller particles are transported away from the source, and the surface conditions that determine u,t change as the emergence of surface roughness elements, such as large surface aggregates. Thus embedded in u,t is an extremely complicated process which evolves with time. Our challenge lies in the quantification of the changes in u, and u,t both in space and time.
Scheme Verification for Single Point
The wind erosion scheme has been tested for single point against several wind tunnel and field data sets available . Only sand drift data was available for comparison. 
Atmospheric Model
The meteorological input variables are obtained from a high-resolution limited area numerical weather prediction model developed at the University of New South Wales. It was originally developed and documented by Leslie and Purser [1991] . It is computationally economical in terms of both storage requirements and algorithm efficiency. It is a two-time-level scheme comprising a semi-Lagrangian advection step followed by a number (usually four or five) of adjustment steps. The adjustment steps use the forward-backward scheme. The temporal differencing is formally second order, and the interpolations in the semi-Lagrangian step is third order, using bicubic splines. The model is referred to as HIRES and its features are summarized in Table 1 .
The model has been tested extensively over the past in both research and operational modes [e.g., Leslie and Skinner, 1994] . Standard statistical evaluation, avermajor agricultural region of Australia, has shown that the model performance is very good: for near-surface air temperature predictions, the rms error is 2.1 K with a mean absolute error of 1.7 K; for near-surface wind speed the rms error is approximately 3 m s -1.
In this application, HIRES is run continuously over the Australian region at 20 km horizontal resolution and 31 levels in the vertical plane. In order to resolve the boundary layer, there are 10 levels from 850 hPa to the surface, with the lowest level at screen level 1.2 m. The time covered by the simulations is the 60-day period from January I to February 29, 1996. HIRES derived its initial conditions and boundary conditions for this period from the Australian Bureau of Meteorology's global general circulation model archives.
Structure of the Integrated System and Geographic Information Database
The structure of the integrated wind erosion modeling system is illustrated in Figure 4 . Wind erosion events over large spatial scales can be predicted, using GIS data to infer parameters which vary primarily in space and using atmospheric forcing data obtained from HIRES, which vary both in space and time.
Friction Velocity
The friction velocity u. is estimated from the atmospheric model predictions of surface wind speed U at a specified reference height zv. To this end, the MoninObukhov similarity theory is used
where n = 0.4 is the von Karman constant, D is the zero-displacement height, z0 the aerodynamic roughness length of the surface, and q• is a filnction which takes into account the effect of thermal stability on wind profile [Businger, 1973] .
Land Surface Information
A detailed GIS database is used to estimate the erodibility of the land surface, reflected in u,t. The land surface information required for the model is as summarized in samples. This work uses a preliminary version of particle size database which is currently being improved. The particle size distributions are considered unchanged during the erosion event in the present study.
Surface crusting may change slowly with time but is altered very significantly by agricultural activities. 
Currently, there is virtually no information available for this surface properties. In this work, surface crusting is subjectively estimated from a general description of soil types given in the Atlas
Wind Erosion Events of February 8-11, 1996
In early 1990s, the central and eastern parts of Australia experienced one of the worst droughts for decades. 
Prediction of Wind Erosion
The integrated wind erosion assessment and prediction system was applied to the above described event.
The Comparing predicted and observed wind erosion patterns, the main qualitative difference appears to be that according to observations, erosion was probably most widely spread on February 8 and 9, and decreased more rapidly on February 10 and 11 than the model predictions. This discrepancy reflects the difficult nature of the problem, and to some extent also reflects the limitations of the integrated system, in atmospheric model, the wind erosion scheme and the reliability of the database. Four possible problems are worth of mentioning. First, the atmospheric forcing data used in this study were the forecast over the period of the week starting from February 6 when data assimilation techniques were applied. In comparison with observations, the predicted weather patterns seem to move slightly slower, although the forecast remains an excellent one in most aspects. By February 9, 1996, the forecast appears to be about 6 to 12 hours behind. Second, it is commonly recognized that wind erosion events may cause modifications in surface conditions on a microscale, such as the change in particle size distribution in the very top soil layer (top few millimeters), which may limit wind erosion. The current version of the wind erosion scheme does not describe these changes. Third, the system is currently run over a 50 x 50 km resolution, the contribution of wind erosion by processes on a smaller scale was neglected. Subgrid events may have contributed to the disagreement between the predictions and observations. In a future study, we intend to increase the resolution of the surface data to 5x5 km. Finally, wind erosion intensity depends on the prediction of soil moisture and the specification of surface vegetation coverage. It is well known that these two parameters are extremely difficult to predict with great accuracy. It is surprising that the predicted erosion pattern for the February 8-11 dust storm event agrees so well with the regions of high dust storm frequencies shown in Figure 1. Plate 6 shows the total dust emission rate over the period of February 6-12, 1996. The prediction shows that a considerable proportion of the Australian continent experienced some degree of wind erosion. While for some areas the total dust emission rate was small (less than 1 g m-2), that for areas around 137.5øE, 27øS was as high as 1000 g m -2. It is found that over the 1-week period from February 6 to 12, 1996, the total dust emission from the Australian continent was around 6 million tons.
Conclusions
In this paper we described an integrated wind erosion assessment and prediction system which comprises a wind erosion scheme, an atmospheric prediction model, and a GIS database. We predicted wind erosion over the Australian continent in a quantitative sense. It is not claimed that the predictions are quantitatively accurate, and a reliable evaluation of the model performance is not yet possible. Nevertheless, this study represents a major step toward quantitative prediction of wind erosion and a clear alternative to studies of descriptive nature. In the integrated system, both wind erosiveness (atmospheric conditions) and soil erodibility (surface conditions) are taken into account. Given the difficulties involved in wind erosion prediction, the achievements of this study are obvious: the system correctly predicted the wind erosion events between February 8 and 11, 1996 in central Australia, with predicted erosion pattern and timing in good agreement with observations. The system also provided insight into the environmental factors responsible for wind erosion.
The practical importance of the model is twofold. First, the system can be used to identify areas and periods of wind erosion threat. Short-term prediction of wind erosion threat can be taken into consideration of agricultural activities. By carrying out sensitivity tests, the system can be used to identify environmental or human factors responsible for wind erosion. This kind of information is useful to strategic land care programs. Second, the system can be used to provide a description of the sources of dust particles which in turn influence atmospheric radiative processes. It was found, for instance, that over the period February 6-12, 1996, the total dust emission from the Australian continent was approximately 6 million tons, and the origin of the dust was mainly in central Australia (around the Simpson Desert) for the particular events. 4. It is necessary to improve the accuracy of atmospheric weather prediction system, especially near surface wind speed and precipitation.
